Previous studies have indicated that the nigrostriatal dopaminergic (DA) pathway can be reconstructed in hemiparkinsonian rats with a bridge transplantation technique involving fetal ventral mesencephalic transplants and glial cell line-derived neurotrophic factor. In this study, we examined if the nigrostriatal pathway can be restored by combining peripheral nervous tissue with the fetal ventral mesencephalon transplants. Adult rats were injected with 6-hydroxydopamine into left median forebrain bundle. Those with marked rotational behavior, which has been previously shown to indicate complete DA dennervtion, were used for transplant treatments. One month after the lesion, fetal ventral mesencephalic cells were transplanted into the nigral region followed by nigral-striatal grafting of peripheral nerves as a bridge. The bridging nerves (sciatic or intercostals) were pretreated with basic fibrous growth factor (nerve+bFGF+) or Hank's saline (nerve+bFGF−). We found that (a) animals receiving transplants of VM and bFGF+ nerve had a reduction in rotational behavior; (b) animals receiving bFGF− nerve bridge only had a partial improvement in rotation. Reinnervation of tyrosine hydroxylase (TH)-immunoreactive (ir) fibers into the striatum was found in both of the above groups with more innervation in the former than in the latter. No TH-ir fibers in lesioned striatum or reduction in rotational behavior were found in animals receiving VM only, or VM plus bFGF. Taken together, our data indicate that peripheral nerve, with the aid of bFGF, greatly facilitates the reconstitution of the TH pathway from nigra to striatum and improves motor function in hemiparkinsonian rats.
INTRODUCTION
pair the damaged DA circuitry, it may be necessary to transplant DA grafts to the lesioned substantia nigra and guide the efferents of the DA transplants to the lesioned Parkinson's disease is characterized by progressive loss of dopaminergic (DA) neurons in the substantia ni-striatum. Because of the long distance between nigra and striatum, DA grafts placed into the nigra only innervate gra and DA innervation in the striatum. Both clinical and laboratory studies have indicated that transplanta-locally (18) . It is thus difficult to use single intranigral DA transplants to regenerate the nigrostriatal pathway. tion of fetal ventral mesencephalic (VM) tissue into the striatum improves motor and biochemical deficits in par-A number of bridging techniques have been developed to guide long distance axonal outgrowth from the kinsonian animals (2,12) and patients (9,10). However, there are still some limitations to intrastriatal DA graft-graft site (5, 15, 22) . Distant axonal outgrowth from substantia nigra graft to striatum can be achieved by injec-ing. For example, DAergic transplants are grafted into the striatum, "ectopic" to the normal circuitry. The res-tion of kainic acid, which may increase the expression of trophic factors locally along the pathway (22) . Subse-toration of tyrosine hydroxylase (TH) immunoreactivity (ir) and DA release is limited to the transplantation site quently, it was found that administration of glial cell line-derived neurotrophic factor (GDNF) from nigra to in the striatum (13, 17, 19) . The grafted DA neurons have no inputs from the normal nigral afferents. To better re-striatum and intranigral transplantation of fetal ventro-mesencephalic cells restore the nigrostriatal DA pathway has been shown that fibroblast growth factor is a trophic molecule for regeneration and growing fibers (6,16). In in unilaterally 6-hydroxydopamine (6-OHDA)-lesioned rats (15, 18) . Transplantation of fetal kidney tissue, which this study, we report that peripheral nerve, pretreated with basic fibroblast growth factor (bFGF), together contains high levels of trophic factors, such as GDNF and BMP7, optimized the conditions for axonal out-with intranigral transplantation of fetal VM tissues, diminishes amphetamine-induced rotation and reconstructs a growth from the VM graft in the intranigral site and restored the nigrostriatal pathway. The DA-denervated TH-positive pathway in hemiparkinsonian rats. striatum was reinnervated by transplanted fetal DA neu-MATERIALS AND METHODS rons with reconstructed DA fibers reconnecting nigra Animals and striatum (4,5). In these "bridging" studies, the rotational behavior in these unilaterally lesioned rats was Adult Sprague-Dawley rats were anesthetized with chloral hydrate (400 mg/kg, IP) and unilaterally injected significantly reduced (14, 22) . These data suggest that supplementation with trophic factors from nigra to stria-with 6-OHDA (9 µg/4 µl in saline containing 0.2 mg/ ml ascorbic acid) over 4 min, into the medial forebrain tum can enable the DA transplants in nigra to send axons toward the lesioned striatum.
bundle (−4.4 mm AP, 1.2 mm ML relative to bregma, and 7.8 mm below the dura). One month after 6-OHDA It has been shown that peripheral nerves guide axonal outgrowth from optic nerve to superior colliculus after lesion, a "one-step grafting" procedure was used for intracranial VM and peripheral nerve transplantation being transplanted in the adult central nervous system (1, 3) . Other studies have demonstrated that the severed (21, 22) . In brief, a glass pipette was used to carry the DA transplant (fetal VM tissue, placed near the tip of axons in the injured spinal cord regenerate through grafted peripheral nerves treated with acidic fibroblast pipette) and bridging material (see below; placed next to the VM transplant). Two pieces of VM tissues (approxi-growth factor and hindlimb motor functions are improved (3). These data raise the possibility that periph-mately 1 mm 3 each) were first stereotaxically injected into the lesioned nigra (coordinates: 36°from scalp sur-eral nerve tissue may facilitate restoration of the nigrostriatal pathway in adult parkinsonian rats. In addition, it face, −6.0 mm AP, 2.4 mm ML relative to bregma); the The animals that received VM and peripheral nerve preincubated with bFGF (nerve/bFGF+) showed a significant reduction in the number of rotations from 1 to 5 months posttransplant. The animals that received VM and peripheral nerve (nerve/bFGF−) showed significant, but less, improvement of rotational behavior only at the fifth month after transplant. Those animals that were treated with VM and vehicle or bFGF alone showed no significant improvement in behavior.
Figure 2.
Low-power photomicrograph in a 6-OHDA-lesioned animal receiving intranigral VM and nerve/bFGF+ bridge transplantation. The VM was grafted into the substantia nigra. The peripheral nerve, preincubated with bFGF, was laid down between the substantia nigra and striatum. The TH-ir fibers grew along the nerve from nigra to striatum and reinnervated the 6-OHDA-lesioned striatum. Noted lack of innervation of the globus pallidus. CC, corpus callosum; Str, striatum; GP, globus pallidus; LV, lateral ventricle; Hipp, hippocampus; SN-TP, transplant near substantia nigra; *TH-ir fiber patches. Scale bar: 500 µm.
rest of the bridging materials was delivered from nigra Behavioral Assays to striatum while slowly retracting the pipette from nigra
The unilaterally 6-OHDA-lesioned rats were individto striatum.
ually tested for rotational behavior in response to subcu-All 6-OHDA lesioned rats received VM transplants taneous amphetamine injections (5 mg/kg) in an autoin the lesioned nigra. VM tissues were obtained from mated rotometer (8). The rotation tests were administered the fetuses at 14-15 days of gestation. Four types of 1-2 months before and each month after grafting. bridging material were used. 1) Nerve/bFGF+: intercos-TH Immunocytochemistry tal or sciatic nerves were obtained from adult rats, and cut into small segments about 4-5 mm in length. The Rats were perfused intracardially with 0.9% saline followed by fixative consisting of freshly prepared 4% peripheral nerves were incubated with bFGF (100 ng/ml) for 1 h before transplantation (n = 8). 2) Nerve/bFGF−: paraformaldehyde and 0.1 M PBS. The brains were removed and placed in the above fixative with 30% su-adult intercostal or sciatic nerve tissues were incubated with Hank's balanced salt solution (HBSS) for 1 h be-crose buffer solution overnight and frozen sectioned saggitally at 40 µm using a cryostat. The primary and fore transplantation (n = 8). 3) bFGF: bFGF (4 µl, 100 ng/ml in HBSS, n = 6). and 4): HBSS (n = 6). secondary antibodies were diluted with PBS containing Figure 3 . Photomicrograph showing that the TH-ir fibers grew along the peripheral nerve without preincubation with bFGF into the denervated striatum. Noted that TH-ir fibers were not as dense as those shown in Figure 2 . GP, globus pallidus; TP, transplant. Scale bar: 500 µm.
0.3% Triton X-100 and 1% normal sheep serum. The ipsilateral rotations (>500 turns/hour) after amphetamine injection (5 mg/kg, SC). In the vehicle control animals primary antibody, against TH (Pel Freez, Rogers, AR, USA), was incubated with the sections for 24 h at 25°C;
(n = 6), which received a bridge injection of HBSS (50 µl) from nigra to striatum and VM in nigra, amphet-the corresponding secondary antibody was later applied for 45 min. Sections were incubated with the avidin-amine-induced rotation was not altered when studied over 5 months after transplantation (p > 0.05, one-way biotin complex substrate for 45 min and then treated with 0.05% 3,3′-diaminobenzidine tetrahydrochloride ANOVA) ( Fig. 1) . Similarly, administration of bFGF from nigra to striatum (n = 6) did not significantly re-and 0.01% hydrogen peroxide in 0.05 M Tris-buffer (pH 7.6) for 7-10 min. Three washes with PBS, each for 5 duce rotation in the 6-OHDA-lesioned animals receiving VM grafts p > 0.05, n = 6, one-way ANOVA) ( Fig. 1) . min, were used between each antibody. Control sections were incubated in the same chamber with primary anti-In contrast, animals receiving nerve/bFGF+ bridge transplants (n = 8) showed a significant reduction in ro-body omitted. All observations were made by investigators blinded as to the four treatment groups studied.
tation starting from the first month after transplantation (p < 0.05, one-way ANOVA) ( Fig. 1) . Animals treated RESULTS with nerve bridge transplants (nerve/bFGF−, n = 8) also Rotational Behavior showed progressive rotational behavior improvement (p < 0.05). However, this improvement was found to be All animals were unilaterally lesioned by 6-OHDA and received VM transplants in the lesioned nigra re-statistically significant only at 5 months after grafting. The maximal reduction in rotation at 5 months post-gion. Before transplantation, these animals manifested transplantation was also significantly less than in those and 4). The density of TH-ir fibers was much greater in animals that received VM and nerve/bFGF+ grafts (Figs. animals receiving nerve/bFGF+ bridge transplants (p < 0.05, t-test).
3 and 4), compared to those receiving VM and never/ bFGF−. In the animals receiving VM and bFGF without TH Immunocytochemistry grafts (n = 6), only a few TH-ir fibers were seen in the lesioned striatum. In all animals, TH-ir neurons in VM Animals were sacrificed 5 months after transplantation. In all 6-OHDA-lesioned rats receiving VM grafts grafts survived 5 months after transplantation (Fig. 5 ). There were no obvious differences in size or neuron in the nigra, clustered TH-ir neurons with intensive THir fibers were found at the graft site only in animals numbers in the grafts between the four treatment groups. This is in contrast to effects of GDNF, which increases receiving nerve/bFGF+ (Fig. 2) or nerve/bFGF− (Fig. 3 ) bridge grafting. At high magnification, it could be seen cell survival and size in DA grafts (18) . that the TH-ir fibers grew out of TH-ir VM graft along DISCUSSION the transplantation track from substantia nigra to the striatum ( Fig. 4 . The TH-ir fibers grew along, and gathered Previous studies have indicated that amphetamineinduced rotation is reduced by intrastriatal but not by inside, the track of the peripheral nerves when coursing past the globus pallidus. After approaching to the stria-intranigral VM transplantation, while direct dopamine receptor agonist (such as apomorphine)-induced turning tum, a wide spread of TH fibers was noted (Figs. 2, 3, can be reduced by both types of transplants (11). This is 1 mm surrounding an intrastriatal VM transplant (13).
In the present study, we found that TH-ir neurons sur-because amphetamine-induced turning depends mainly on the DA release in the striatum, while DA receptor vived well and their fibers extended to the lesioned striatum, over 5 mm away from the graft site into the le-agonist-mediated turning behavior involves, in part, local nigral output pathways (7). These reports also indi-sioned striatum in the nerve/bFGF+ group. Our data suggests that peripheral nerve bridge transplants may cate that amphetamine-induced rotation may be a good indicator of restoration of the nigrostriatal DA input.
promote regeneration of the nigrostriatal pathway. A remarkable and unique feature of the bridging Similar to previous reports (11), we found that intranigral transplantation alone with nigrostriatal injection of transplants observed in the current study is the ability of fetal TH outgrowing fibers to show specificity in rein-vehicle or bFGF did not reduce amphetamine-induced rotations in unilaterally lesioned rats. Our data suggest nervating adult basal ganglia. The new TH-ir fibers from the nigral region, when provided with proper guiding that restoration of the nigrostriatal DA functional cannot be achieved without peripheral nerve bridge transplanta-substrate, passed through globus pallidus, a nontarget site, without spreading innervation. They spread imme-tion.
We have previously reported that intrastriatal VM diately after arriving at the target striatal site. A transient patchy pattern, recapitulating developmental stages, was grafts reinnervate only a limited area over time (20) . KCl-evoked DA release from VM transplants was re-also seen with this peripheral nerve bridge and with previously reported kainic acid-mediated bridging (22) . ported only within 1 mm of the implantation site in the lesioned striatum (17, 19) . Similarly, electrophysiologi-Axonal outgrowth facilitated by peripheral nerve implants has been demonstrated in a spinal cord injury ani-cal activity of striatal neurons is normalized only within
